Abstract. Hypoxia-inducible factor-1 (HIF-1) is a primary transcriptional factor that targets a series of genes participating in angiogenesis and cell proliferation. HIF-1 is a heterodimer consisting of a constitutively-expressed HIF-1β subunit and an oxygen-regulated HIF-1α subunit. Overexpression of HIF-1α has been found in various types of cancer. Targeting HIF-1α may be a novel approach to cancer therapy. Previous findings showed that a newly synthesized compound (Z)-3,4' ,5-trimethoxylstilbene-3'-O-phosphate disodium (M410), an analogue of the microtubule-targeting agent, combretastatin A4, inhibited the polymerization of bovine brain tubulin and induced mitotic arrest. The aim of the present study was to determine the mechanism of M410 destabilizes microtubules and inhibits HIF-1α in breast cancer cells. We performed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, immunofluorescence and confocal microscopy, ELISA assay, transient transfections and reporter gene assay, immunoblot analysis and isolation and analysis of RNA to evaluate the mechanisms of M410 on breast cancer. SPSS 17.0 was used to analyze the data. The results showed that the growth of breast cancer cells was inhibited in a dose-dependent manner. MDA-MB-231 was the most sensitive, with a 50% growth inhibition (GI 50 ) of 111.4±2.2 nM. HIF-1α expression was clearly reduced following M410 treatment in a dose-dependent manner. M410 downregulated the nuclear accumulation of HIF-1α, and the strong correlation between disruption of the microtubule cytoskeleton and the inhibition of HIF-1α expression was independent of mitotic arrest. Furthermore, M410 inhibited HIF-1α at the post-transcriptional level and inhibited the vascular endothelial growth factor (VEGF) at the transcription level. M410 downregulated HIF-1α expression in a proteasome-independent manner. In conclusion, M410 depolymerized microtubules and downregulated HIF-1α protein levels in a proteasome-independent manner and reduced the mRNA of HIF-1-targeted genes in the MDA-MB-231 breast cancer cell line.
Introduction
Breast cancer (BC) is a global health problem and one of the principal causes of female morbidity and mortality (1, 2) . It is a major public health concern in both developed and developing countries (3) . Approximately 10-17% of breast cancers are defined as triple-negative (TN), i.e, the absence of estrogen and progesterone receptor, and of overexpression and/or amplification of the HER-2 (4, 5) . Although advances have made in clinical and experimental oncology studies, the prognosis of TN breast cancer remains extremely poor (6) . The clinical impact of molecular-targeted therapy in the TNBC population remains unclear (7) . Mounting evidence of the signal transduction pathways for transcription factors suggests that these pathways could offer crucial targets for cancer therapy.
The transcription factor hypoxia-inducible factor-1 (HIF-1) is a heterodimeric protein composed of an oxygen-regulated HIF-1α and a constitutively-expressed HIF-1β subunit. Under normoxic conditions, HIF-1α is hydroxylated on proline residue 402 and/or 564, which is required for binding of the von Hippel-Lindau protein, the recognition subunit of an E3 ubiquitin ligase that targets HIF-1α for proteasomal degradation (8) . However, hydroxylation decreases under hypoxic conditions, enabling HIF-1α to accumulate and dimerize with HIF-1β. The functional transcription factor then binds at the core hypoxia response element, 5'-RCGTG-3' , to induce genes involved in angiogenesis, glycolysis, de-differentiation, invasion and metastasis. Overexpression of HIF-1α is associated with increased mortality in many cancer types (9) (10) (11) .
Numerous cancer chemotherapeutic agents target angiogenesis in tumors to reduce primary tumor growth. Response to anti-vascular endothelial growth factor (VEGF) therapy has, however, been poor, as intratumoral hypoxia arising from M410, a combretastatin A4 analogue, disrupts microtubules and inhibits HIF-1α in human breast cancer cells (12) . HIF-1α is the main transcription factor mediating the hypoxic response, which promotes the transcription of angiogenic factors, such as VEGF and leads to increased glycolysis via the inhibition of mitochondrial oxidative phosphorylation (13) . The critical role of the hypoxia response network and HIF-1α has resulted in it being viewed as an ideal target for small molecule intervention. Small molecule inhibitors of HIF-1α are widely studied and are considered important due to their central role in tumorigenesis.
Combretastatins are natural cis-stilbenes that are isolated from the bark of the African willow tree Combretum caffrum. Combretastatin A4 is the most prominent representative of this group of compounds, which exerts high anti-mitotic and anti-angiogenic activities (14) . Previous studies (15) showed that a new CA4 analogue, (Z)-3,4' ,5-trimethoxylstilbene-3'-Ophosphate disodium (M410) was a potent inhibitor of bovine brain tubulin polymerization in vitro. In experiments on nude mice in vivo, M410 inhibited the growth of human colon carcinoma xenografts and reduced microvessel density in tumor tissues. M410 exhibited a prominent cytotoxic effect, which downregulated HIF-1α expression, reduced nuclear HIF-1α and subsequently downregulated VEGF mRNA. In the present study, we assessed the activity of M410 on TNBC cell lines and confirmed the mechanism of the inhibitory effects of M410 on a MDA-MB-231 breast cancer cell line.
Materials and methods
Cell lines and culture conditions. The Human BT549, MDA-MB-453, MDA-MB-231 and SK-BR-3 BC cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, uT, uSA), 100 u/ml penicillin and 100 µg/ml streptomycin. The cells were cultured in a humidified atmosphere containing 5% CO 2 at 37˚C. For the treatment of hypoxia, the cells were incubated in an MIC-101 chamber (Billups Rothenberg, Inc., Del Mar, CA, uSA) containing 5% CO 2 balanced with N 2 (<0.1% O 2 ) or exposed to CoCl 2 (200 µM) for 4-6 h.
Reagents and antibodies. M410 was synthesized by the Guangzhou Institute of Chemistry, Chinese Academy of Sciences (15) . M410 was dissolved in distilled water to yield a 10-mM stock solution. Cycloheximide (CHX) was dissolved in distilled water to yield a 10-mg/ml stock. MG132 (C2211) and monastrol (M8515) (both from Sigma-Aldrich, St. Louis, MO, uSA) were respectively dissolved in DMSO as stocks of 10 mM. The primary antibodies used were: HIF-1α antibody (610959) and HIF-1β antibody (611078) (both from BD Transduction Laboratories, Bedford, MA, uSA), β-tubulin antibody (no. 2128; Cell Signaling Technology, Danvers, MA, uSA), monoclonal anti-β-tubulin antibody (D00057; Sigma-Aldrich), β-actin antibody (no. 3700; Cell Signaling Technology), NF-κB-p65 antibody (SAB, no. 21012) and c-Fos antibody (SAB, no. 21667).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells were plated in a 96-well plate and cultured in medium with various concentrations of M410 added after 24 h. After 68-h incubation, MTT was added to each well (100 µg/well) and incubated for an additional 4 h. The insoluble formazan produced was dissolved with 200 µl DMSO, and optical density was measured using an ELISA reader (Thermo Labsystems, Espoo, Finland) at wavelengths of 570 and 630 nm. Experiments were performed in triplicate. From these results, the percentages of live cells in each well were estimated and plotted against the drug concentrations as dose-response curves, from which the 50% growth inhibition (GI 50 ) was derived.
Immunofluorescence and confocal microscopy. Exponentially growing cells were placed on 15-mm coverslips in 6-well plates and the cells were allowed to attach overnight. The following day, the cells were treated with the indicated agents for 24 h and subjected to hypoxia or remained normoxic for an additional 6 h. The cells were fixed with pre-warmed 4% paraformaldehyde (PFA) at 37˚C for 30 min and washed with PBS for four times. After being permeabilized with PBS containing 0.5% Triton X-100 (vol/vol) for 15 min at room temperature and washed with PBS, the cells were blocked with 5% bovine serum albumin (BSA) for 1 h and then incubated with primary antibody at 4˚C overnight. Subsequently, the cells were washed with PBS and re-incubated with DyLight™ 549 or 488-labeled antibody in a dark room for 1 h. The cells were then stained for the nuclei with 0.1 µg/ml DAPI in a dark room for 10 min. The coverlips were fixed on the slides using an antifade reagent (Life Technologies, Carlsbad, CA, USA) and then observed using an Olympus FV100 confocal microscope.
ELISA for VEGF. VEGF concentrations in media from treated and untreated cells were determined using a quantitative sandwich enzyme immunoassay (Human VEGF Quantikine ELISA kit; R&D Systems, Inc., Minneapolis, MN, uSA) according to the manufacturer's instructions. The results were expressed as a concentration of VEGF (pg/ml) per total protein amount from each well.
Immunoblot analysis. Lysates were prepared from 4x10 5 cells by dissolving cell pellets in 100 µl of lysis buffer (20 mM Na 2 PO 4 , pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% aprotinin, 1 mM phenymethysulfonyl fluoride, 10 mg/ ml leupeptin, 100 mM NaF and 2 mM Na 3 VO 4 ). The lysates were centrifuged at 14,000 rpm for 20 min. The supernatant was collected. Protein concentrations were determined using a BCA protein assay kit (Thermo Scientific). The protein content was determined using the Bio-Rad protein assay. Protein (10 µg) was loaded in each well of 10-12% SDS-PAGE gels. Resolved proteins were electrophoretically transferred to PVDF membranes and incubated sequentially with primary antibody and HRP-conjugated secondary antibody (Cell Signaling Technology). After washing, the bound antibody complex was detected using LumiGLO reagent (no. 7003; Cell Signaling Technology) and XAR film (XBT-1; Kodak, Rochester, NY, uSA) according to the manufacturer's instructions.
Isolation and analysis of RNA. Total RNA was isolated from MDA-MB-231 cells treated and untreated with M410 using TRIzol reagent (Life Technologies). Then, 1 µg of RNA was reverse transcribed in a 20-µl reaction using a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. PCR was performed using PCR Master Mix (Promega, Madison, WI, uSA) and 2 µl of cDNA was used for each reaction. The PCR conditions were: denaturation for 2 min at 94˚C, 35 cycles of 94˚C for 45 sec, annealing temperatures for 45 sec, and extension at 72˚C for 60 sec. A 10-min extension at 72˚C was carried out to the end. PCR products were visualized with GelRed on 1.5% agarose gels. The primers were designed using the Primer-BLAST and shown in Table I .
Statistical analysis. Experiments were repeated three times. The results of multiple experiments are given as the mean ± SE. Statistical analysis was performed using the statistical software package SPSS 17.0. P-values were calculated using a one-way ANOVA test or the Student's t-test. P<0.05 was considered to be statistically significant.
Results

M410 reduces HIF-1α protein level in MDA-MB-231 cells.
First, we examined the viability of the four BC cell lines by MTT assay in the presence of M410 with different concentrations (0-400 nM). MDA-MB-231 was the most sensitive, with the concentration of GI 50 of 111.4±2.2 nM at 72 h. Western blot analyses showed that HIF-1α was weakly expressed in the SK-BR-3 cells, but was not expressed in the remaining three BC cells under normoxia. Following treatment with hypoxia for 6 h, the expression of HIF-1α was highly induced in all the cell lines (Fig. 1B) . under the indicated time of hypoxia, the levels of HIF-1α protein increased rapidly, peaked at the 6-h time-point, and was then reduced gradually (Fig. 1C) . HIF-1α expression was clearly reduced after M410 treatment in a dose-dependent manner. To examine whether these inhibitions were specific for HIF-1α, the regulated subunit of HIF-1, we also assessed the effect of M410 on HIF-1β expression. HIF-1β was not affected by M410 treatment. Similarly, transcription factors such as NF-κB and c-Fos were not affected ( Fig. 1D and E) .
M410 depolymerizes microtubules and inhibits the nuclear accumulation of HIF-1α
. M410 has been shown to depolymerize microtubules in human vesicular endothelial cells (HuVECs) as well as in tumor cells resulting in G 2 /M arrest (15) . We investigated the correlation between the effects of M410 on microtubules and its effects on HIF-1α (Fig. 2) . using laser scanning confocal microscopy, MDA-MB-231 cells treated with or without M410 were observed by double-labeled antibodies against β-tubulin and HIF-1α. In untreated control cells, we observed an intricate and intact microtubule network while we observed the depolymerization of microtubules in the M410-treated cells. No significant changes in the microtubule network were observed in the control cells after hypoxia. Under the normoxic conditions, HIF-1α was barely detectable while it predominantly accumulated in the nucleus after exposure to hypoxia. Nuclear localization of HIF-1α was confirmed by staining with DAPI. The treatment of M410 significantly reduced the hypoxiainduced nuclear accumulation of HIF-1α. Consistent with the results of western blotting, the treatment of M410 had no effect on the expression of HIF-1β (Fig. 2B ). In the untreated cells, HIF-1β was localized in the nucleus and the cytoplasm, especially in the nucleus. Under hypoxic conditions, HIF-1β did not accumulate in the nucleus. The treatment of M410 affected the subcellular localization of HIF-1β.
M410 inhibition of HIF-1α function is independent of mitotic arrest.
Since M410 has been shown to induce mitotic arrest (15), we clarified the correlation between the inhibition of HIF-1α and the mitotic arrest. Subsequently, we treated MDA-MB-231 cells with monastrol, which is not a microtubule-targeting compound and is known to induce mitotic arrest by inhibiting the mitotic kinesin Eg5, utilizing M410 as a positive control. As shown in Fig. 3A , monastrol had no effect on HIF-1α protein levels even at concentrations that induced a significant mitotic arrest. Although arrested in the interphase, the microtubule network and the spindles (arrow) were intact in the monastrol-treated cells compared with the depolymerization of microtubule in the M410-treated cells. These results suggested that the inhibition of HIF-1α function by M410 was independent of M410-induced mitotic arrest (Fig. 3B) .
M410 inhibits HIF-1α transcriptional activity.
To determine the effects of M410 treatment on HIF-1 transcriptional activity, we examined the VEGF protein level in the supernatant medium from M410-treated MDA-MB-231 cells. Consistently with the reduced levels of HIF-1α protein levels by M410, VEGF protein levels were also significantly decreased in a dose-dependent manner under hypoxia (Fig. 4A) . To determine whether the downregulation of HIF-1α by M410 occurred at the transcriptional level, we extracted total RNA from M410-treated MDA-MB-231 cells and performed two-step RT-PCR. HIF-1α mRNA levels were not significantly changed by M410 (Fig. 4B and C) . On the other hand, the mRNA levels of VEGF and another HIF-1 target gene, i.e., GLUT1 glucose transporter were significantly decreased by M410 treatment.
M410 downregulates HIF-1α expression in a proteasomeindependent manner.
To examine the effect of M410 on the HIF-1 post-transcriptional process, we examined the M410 treatment on HIF-1α protein stability by using the protein translation inhibitor CHX. As CHX inhibits new protein synthesis, the HIF-1α level would mostly reflect the degradation process of HIF-1α protein. untreated or M410-treated cells were exposed to CHX from 0 to 60 min and HIF-1α levels were analyzed by western blotting (Fig. 5A) . We assessed whether M410 combined with CHX treatment affected the half-life of HIF-1α compared with CHX treatment alone. The results indicated no statistical significance (Fig. 5B) . To eliminate the possibility that M410 affects HIF-1α ubiquitination and degradation via the proteasome pathway, we treated MDA-MB-231 cells with the MG132 proteasome inhibitor. In the untreated cells, MG132 led to enhanced HIF-1α protein levels while in the M410-treated cells, MG132 did not restore the inhibition of M410 on HIF-1α protein levels under hypoxia or normoxia (Fig. 5C ).
Discussion
Hypoxia is a feature of most tumors that often arises due to rapid cell division, aberrant tumor angiogenesis and blood flow. Persistent hypoxia leads to a selection of genotypes favoring survival and promoting tumor angiogenesis, epithelial-to-mesenchymal transition, invasiveness and metastasis, as well as suppression of immune reactivity (16, 17) . HIFs are optimally characterized markers mediating cell responses to hypoxic stress. Of the HIF family members, HIF-1α is the most well characterized (18) . Increased HIF-1α levels are associated with increased risk of mortality in many human cancer types, including those of the breast, brain, colon, bladder, esophageal, head/neck/oropharynx, liver, pancreatic, lung, gastric, and uterus, skin, as well as in acute lymphocytic and myeloid leukemias (19) . It was shown that HIF-1α was overexpressed in BRCA-1 germline mutation-related breast cancer (20) and associated independently with shortened survival in patients with lymph node-negative breast carcinoma and in patients with lymph node-positive ones (21, 22) . HIF-1α has been a prime target for anticancer therapies (23) . PX-478 is the first inhibitor of HIF-1α, which decreased the HIF-1α protein expression and had potent antitumor activity (24) . Kong et al (25) reported that echinomycin inhibited HIF-1 DNA binding to endogenous promoters and resulted in cell apoptosis. Kim et al (26) found that a potent angiogenesis inhibitor G0811, targeted HIF-1α signal transduction and suppressed HIF-1α stability in cancer cells and inhibited in vitro and in vivo angiogenesis. In addition, G0811 effectively decreased the expression of VEGF, which is one of the target genes of HIF-1α. In a previous study (15) , six synthesized stilbene derivatives were screened for their cytotoxic activity against human tumor cells and of these compound M410 exhibited a most prominent cytotoxic effect. M410 has been shown to compete with colchicine for tubulin binding and to disrupt microtubules leading to mitotic arrest in colon cancer cell lines. However, the exact mechanism whereby M410 destabilizes microtubules and inhibits HIF-1α, as well as the relationship between the two remains unclear.
In the present study, we first investigated the antitumor effect of M410 in BC cell lines in a concentration-dependent manner. We then confirmed that M410 depolymerizes microtubules and inhibits the nuclear accumulation of HIF-1α expression in a proteasome-independent manner in hypoxia. The effect was specific as other transcription factors such as HIF-1β, NF-κB and c-Fos, were not affected. Since M410 has been shown to induce mitotic arrest, we clarified the relationship between the inhibition of HIF-1α and mitotic arrest. We used the non-microtubule-targeting agent, monastrol, to exclude the possibility that the inhibition of M410 on HIF-1α is the consequence of mitotic arrest. The results suggest that the strong correlation between disruption of the microtubule cytoskeleton and inhibition of HIF-1α function is independent of mitotic arrest. We also assessed the role of microtubule-targeting agents, such as Vincristine (VCR) and Taxol, on the HIF-1α protein levels in breast cancer cells (data not shown). VCR and Taxol had similar effects on HIF-1α as M410, suggesting a strong correlation between the disruption of microtubules and inhibition of HIF-1α. However, the mechanisms regarding how the stability of microtubules affects the translation of HIF-1α levels remain to be determined. Furthermore, we examined whether the downregulation of HIF-1α by M410 occurred at the transcriptional or translational level or other sides by extracting total RNA from MDA-MB-231 cells and found HIF-1α mRNA levels were not significantly changed by M410. Thus, we concluded that M410 inhibited HIF-1α at the translation level. VEGF is the most potent angiogenic growth factor in solid tumors. It also has a range of other functions, including induction of vascular permeability and supporting survival of endothelial cells. We showed that the mRNA level of VEGF was significantly decreased by M410 treatment, which was consistent with findings of a previous study (25) . Our results identified that HIF-1 target gene, GLUT1 glucose transporter was also significantly decreased by M410 treatment. However, future in vivo investigation is required to confirm these results.
In conclusion, our results have shown that M410 depolymerizes microtubules and downregulates HIF-1α protein levels in a proteasome-independent manner and reduces the mRNA of HIF-1-targeted genes in the MDA-MB-231 breast cancer cell line. Notably, we suggest a strong correlation between the inhibition of HIF-1α and the disruption of microtubules in breast cancer cells.
